A prokaryotic member of the ␥-aminobutyric acid type A receptor superfamily (GLIC) was recently cloned from the cyanobacterium Gloeobacter violaceus, its function characterized, and its 3-dimensional x-ray diffraction crystal structure determined. We report its modulation by 9 anesthetics using 2-electrode voltage clamping in Xenopus laevis oocytes. Desflurane, halothane, isoflurane, sevoflurane, and propofol inhibited currents through GLIC at and below concentrations used clinically. Hill numbers averaged 0.3, indicating negative cooperativity or multiple sites or mechanisms of action. A 2-site model fit the data for desflurane and halothane better than a 1-site model. Xenon and etomidate modulated GLIC at or above clinical concentrations, with no cooperativity. Ethanol and nitrous oxide did not modulate GLIC at surgical anesthetic concentrations. These investigations lay the groundwork for further structural and functional studies of anesthetic actions on GLIC.
Materials
Isoflurane, sevoflurane, and desflurane were obtained from Baxter Healthcare Corporation (Deerfield, IL). Halothane was from Halocarbon (River Edge, NJ). Etomidate (Ͼ95%) was from ChemPacific (Baltimore, MD). Xenon was from SynQuest Laboratories (Alachua, FL). United States Pharmacopeia-grade nitrous oxide was from Airgas (San Francisco, CA). Propofol (97%) and other reagents were purchased from Sigma-Aldrich (St. Louis, MO).
Oocyte Expression and 2-Electrode Voltage Clamp Recording
GLIC was expressed in Xenopus laevis oocytes and studied by 2-electrode voltage clamping following methods described previously. 1, 2 Oocytes were voltage clamped at Ϫ60 mV. Currents were elicited by application of frog Ringer's solution 2 at a pH that produced 20% of the maximal effect (EC 20 ; approximately pH 5.5). For each oocyte, stable inward currents were verified by application of protons until a plateau in current was achieved. Anesthetic was then applied to oocytes for 100 s, followed by coapplication of protons with anesthetic. Return to the baseline response to protons after washout of anesthetic was confirmed in all oocytes.
Data Analysis
Anesthetic effect was calculated as the percent change in current in oocytes clamped at Ϫ60 mV during anesthetic and proton coadministration versus currents when protons alone were applied. The change in channel currents upon application of anesthetic was fit to a Hill equation:
where x is the concentration of anesthetic, n is the Hill coefficient, and IC 50 is the concentration of anesthetic that produces a 50% change in current, and to a 2-site model:
where IC 50 (1) and IC 50 (2) are the affinities of the anesthetics for the 2 sites, I 1 and I 2 are the percent inhibition attributable to each site, and B and A are the maximum and minimum asymptotes of the curve.
Data were analyzed using SPSS version16.0 (Chicago, IL) and GraphPad Prism 5 (La Jolla, CA).
RESULTS
Current tracings are shown in Figure 1 . GLIC was inhibited by the halogenated inhaled anesthetics and propofol. Figure 2 shows the concentration-response curves. Hill numbers and IC 50 s for modulation of GLIC, and anesthetic EC 50 in animals, are shown in Table 1 . [3] [4] [5] [6] [7] [8] Xenon 0.8 atm, which is slightly above the minimum alveolar concentration (MAC) of xenon in humans, 3 inhibited currents. Etomidate was inhibitory at concentrations above those used to achieve anesthesia ( Fig. 3 and Table 1) .
Ethanol had no effect on GLIC at 200 mM (data not shown), which is the upper limit of anesthetizing concentrations in animals. 4 Nitrous oxide 1 atm, which is approximately MAC in humans, 5 had no effect compared with 1 atm nitrogen (data not shown).
The 2-site model fit the data better than the Hill equation for desflurane (F 3,35 ϭ 3.379, P ϭ 0.029) and halothane (F 3,34 ϭ 3.112, P ϭ 0.039). 9 For desflurane, IC 50(1) ϭ 0.00001 mM (95% confidence interval [CI]: 0.0000004 -0.0002 mM), IC 50(2) ϭ 0.3 mM (95% CI: 0.15-3.0 mM), I 1 ϭ 0.15, and I 2 ϭ 0.85. For halothane, IC 50(1) ϭ 0.0003 mM (95% CI: 0.000002-0.06 mM), IC 50(2) ϭ 1.1 mM (95% CI: 0.1-12 mM), I 1 ϭ 0.23, and I 2 ϭ 0.77.
DISCUSSION
Anesthetics were clustered into 3 groups based on their modulation of GLIC. One group consisted of halogenated anesthetics and propofol. These compounds modulated GLIC at anesthetic and subanesthetic concentrations (Fig. 2) . Hill numbers ranged from 0.25 for desflurane to 0.42 for propofol (Table 1) . Xenon and etomidate comprised the second group (Fig. 3) . They inhibited agonist-activated currents, but at concentrations at or above anesthetic EC 50 s, and their concentration-response curves had Hill numbers of 1. The third group consisted of ethanol and nitrous oxide. These agents did not modulate GLIC at surgical anesthetic concentrations.
Concentration-response curves for anesthetics on receptors from the GABA A family generally have Hill coefficients of 1 or more. [10] [11] [12] [13] For GLIC, Hill numbers were significantly Ͻ1 for desflurane, halothane, isoflurane, sevoflurane, and propofol, an indication of negative 16 Another explanation for anesthetic action over a broad concentration range is that anesthetics interact with GLIC by 2 different mechanisms, such as a binding 17 and a nonbinding mechanism. 18 A 2-site model fit the data better than a 1-site model for halothane and desflurane. Do desflurane and halothane modulate GLIC by a different mechanism than the other halogenated anesthetics and propofol? We note that at approximately the anesthetic EC 50 , there is a plateau in the inhibitory effect and a small (but in this study, a statistically insignificant) decrease in inhibition for all 4 halogenated anesthetics and propofol (Fig. 2) . This is suggestive of a biphasic response of GLIC to these anesthetics, and if it is real, it would also support a model involving 2 sites or mechanisms.
The modulation of GLIC by volatile anesthetics indicates that the volatile anesthetic sensitivity of receptors in the GABA A superfamily is prokaryotic in origin. This supports the conjecture that the capacity to respond to inhaled anesthetics arose in organisms lacking nervous systems. 19 In summary, GLIC is modulated by many anesthetics. It is unusually sensitive to halogenated anesthetics and propofol compared with other ligand-gated ion channels. 7,10,13,20 -24 These findings, together with the atomic-scale x-ray structure of GLIC, open the door to further structural and functional studies of anesthetic actions on GLIC. the Gloeobacter violaceus ion channel (GLIC). Nine and 19 oocytes, respectively, were studied. Solid circles denote the mean change in current in percent at each concentration. Error bars display standard errors. Both anesthetics inhibit GLIC.
